1. A method is described for the simultaneous isolation of both Factor X and prothrombin from bovine plasma. The proteins are adsorbed on and eluted from barium sulphate and chromatographed on DEAE-Sephadex and are finally purified by rechromatography on DEAE-Sephadex. 2. The proteins can be purified in 48h from the collection of the blood and the method can be used to process large volumes of plasma. 3. The prothrombin has a molecular weight of 70300; the Factor X, on the other hand, is polydisperse, with most of the protein (86%) having a molecular weight of 56000.
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The first large-scale method for the isolation of Factor X from bovine plasma was described by , but this preparation is contaminated with a small amount of Factor VII (Williams & Norris, 1966) . reinvestigated the various methods of purification and devised a procedure by which they recovered 200mg, or about 18 %, of Factor X from 2001 of plasma. The molecular weight of the purified protein was found to be 56000 , which is not in good agreement with the value of 86000 obtained by . In view of this we decided to prepare Factor X by the method of and compare the molecular weights of the protein isolated by each method. Unfortunately, we could only recover a few per cent of the available Factor X by this method. Because of this, and since we also wanted to prepare prothrombin, we devised a method whereby both these proteins could be purified at the same time, as distinct from recovering the prothrombin from plasma after the Factor X had been removed (Cox & Hanahan, 1970) .
The method described by Cox & Hanahan (1970) is rather more complex than the process described here, but produces material with similar physical characteristics and in about the same yield.
Experimental Materials
Oxalated plasma. Bovine blood was collected immediately after the animal was stunned, into 0.1 vol.
appropriate pH with Tris. For buffered saline, the final concentration of NaCI is given.
Methods
Clotting assays. Prothrombin was assayed by the method of Jobin & Esnouf (1966) and Factor X by that of Denson (1961) . Factor Xa and the coagulant activity of Russell's-viper venom was assayed by the method of Jobin & Esnouf (1967) .
Polyacrylamide-gel electrophoresis. This was done as described by Davis (1964) except that concentrating gels were not used. The polyacrylamide concentration in the gels was 7% and the buffer was IOmM-Trisglycine, pH8.5, to which was added 10pl of 0.05% Bromophenol Blue. The protein (about 100pg), dissolved in 30% (w/v) sucrose, was applied to the top of the gel. Electrophoresis was carried out at 3mA/gel until the dye marker was near the bottom of the gel; the gel was then removed from the tube, cut at the dye band, and stained overnight in 0.1 % Amido Black in 7 % (v/v) acetic acid. Excess of stain was removed electrophoretically in 3 % (v/v) acetic acid. The stained gels were scanned with a microdensitometer (Joyce, Loebl and Co. Ltd., Gateshead, Co. Durham, U.K.) by using a glass-bottomed trough to support the gels in 3 % (v/v) acetic acid.
Assay ofesterolytic activity. Factor X was assayed esterolytically after total conversion into Factor Xa; to a sample of Factor X (0.1 ml) dissolved in 20mM-Tris-chloride buffer, pH7.5, were added 5,4l of lM-CaCI2 and 10lg of the coagulant fraction of Russell's-viper venom (1 mg/ml). The mixture was incubated at 37°C for 20min and the reaction was stopped by placing the samples on ice. Esterase assays were then carried out at once by the method of Schwert & Takenaka (1955) . N-x-Benzoylarginine ethyl ester (1.Oml of 3mM) in SOmM-Tris-chloride buffer, pH 8.0, was mixed with 2.0ml of the activated Factor X suitably diluted with 5OmM-Tris-chloride, pH8.0, and the course of the reaction was followed spectrophotometrically at 253rnm. Measurements were made at 25°C with a Beckman DU spectrophotometer fitted with a Gilford absorbance indicator (model 220) Sedimentation experiments. These were done in a Beckman-Spinco model E analytical ultracentrifuge (Beckman Instments Ltd., Croydon, Surrey, U.K.). Sedimentation-velocity experiments were followed by the use of the schlieren optical system, or at low concentration, with a u.v.-scanning absorption system based on a television camera (P. H. Lloyd & M. P. Esnouf, unpublished work) . Weight-average molecular weights were determined by sedimentation equilibrium, by using 3mm columns of solution and the Rayleigh interference optical system at a rotor speed of 8225rev./min or 3397rev./nin. The solvent used in these experiments was 0.15M-NaCl buffered with 15mwchloride-Tris, pH7.5, with 5mM-EDTA.
Hinge points were determined by the white-light fringe method of Richards & Schachman (1959) . Alternatively, at low concentrations the television scanner system was used. The M_ was determined from schlieren photographs of the same samples (Lammn, 1929 Chromatography of the RaSO4 eluate. The BaSQ4 eluate was diluted with 500ml of water followed by 500m1 of a suspension of 5g of DEAE-Sephadex equilibrated in 15mm-chloride-Tris buffer, pH7.5. The suspension was stirred for 20min and the DEAESephadex was filtered off and washed three tinms with 30mnl of 15mM-chloride-Tris buffer, pH7L5; this was followed by three washes with O.1M-chlorideTris buffer, pH7.5, and finally with 0.14M-NaCl in 0.1 M-chloride-Tris buffer, pH7.5. The washed DEAE-Sephadex was now carefully layered on top of a column (3.7cm diam.) containing lOg of packed DEAE-Sephadex equilibrated with 0.14M-NaCI in 0.1 M-chloride-Tris buffer, pH7.5. The resulting column (about 36cm long) was eluted at a flow rate of lOOml/h with a linear 2-litre gradient of 0.14-0.47M-NaCl in 0.1 M-chloride-Tris buffer, pH 7.5.
Results and DIisussion Chromatography ofprothrombin and Factor X
The elution of the prothrombin-rich and Factor X-rich protein fractions are shown in Fig. 1 Fraction no. Fig. 1 . Separation ofprothrombin and Factor X on a column (3.7 cmx 36 cm) of DEAE-Sephadex A-50
The protein was adsorbed on 5g of DEAE-Sephadex, which was poured on to lOg of DEAE-Sephadex equilibrated in 0.14M-NaCl in 0.1 M-chloride-Tris buffer, pH 7.5. The column was eluted at I00ml/h with a 2-litre linear gradient (----) of 0.14-0.47M-NaCl in 0.1 M-chloride---Tris buffer, pH7.5. The column was run at 23C and 20m fractions were collected. The fractions containing protbrombin and Factor X as indicated (+LJ) were pooled and diluted for rechromatography. The specific activity of the fractions containing prothrombin (o) and Factor X (#) were determined by coagulation assays.
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the Factor X at a mean chloride concentration of about 0.44M. The fractions containing prothrombin and Factor X respectively were combined as indicated ( Fig. 1) and further purified by rechromatography. Rechromatography of the prothrombin and Factor X. The pooled fractions, containing prothrombin and Factor X respectively, were diluted with 0.1 Mchloride-Tris buffer, pH 7.5, so that the concentration ofchloride was decreased to 0.24M in the prothrombin pool and to 0.34M in the Factor X pool. These dilutions, which were checked by measurements of conductivity, correspond to the addition of approx. 0.80 and 0.40vol. of diluent respectively.
The diluted pool of prothrombin was applied at a flow rate of 100ml/h to a column of DEAESephadex, and chromatographed as shown in Fig. 2 . The fractions indicated were pooled, dialysed against two changes of 2 litres of 1 mM-EDTA in 10mM-acetate-sodium hydroxide buffer, pH 5.5, and stored at -20°C.
In the initial small-scale experiments 15mM-chloride-Tris buffer, pH7.5, was used in all the chromatographic stages, but it was found that on scaling up the process the rechromatographed prothrombin was eluted as two peaks with a decreased specific activity. This artifact was eliminated by increasing the strength ofthe buffer to 100mM-chlorideTris. It was thought that this alteration to the prothrombin was caused by a local change in pH of the solvent, during the adsorption of the protein on the Sephadex. After the protein had been adsorbed on to the column the concentration of Tris in the solvent was decreased by running the chloride gradient in a decreasing buffer concentration.
The diluted solution of Factor X (see above) was applied at a flow rate of 60ml/h to a column (2.5 cm x 29cm), of DEAE-Sephadex, previously equilibrated with 0.24M-NaCl in 0.1 M-chloride-Tris buffer, pH 7.5, and the column was eluted as shown in Fig. 3 . The fractions containing Factor X were pooled, concentrated by ultrafiltration and stored at -20°C. The elution of the Factor X as two overlapping peaks has been noted by and Fujikawa et al. (1971) and is discussed below.
The degree of purification of prothrombin and Factor X at each stage in their purification is given in Table 1 . Values for the overall purification are based on the amount of prothrombin or Factor-X in the pool of plasma from which the proteins were isolated. Since there are variations in the activities of both these factors in different samples of plasma, the degree of purification will vary accordingly.
The extent to which the preparations are contaminated with other material is shown in Fig. 4 . The gels of prothrombin show negligible contamination, but there is a slower-moving component in the gels of Factor X. The mobility of this component is 40 60 Fraction no. .5 The diluted Factor X was applied to the column at a flow rate of 60ml/h and eluted at the same flow rate with a 1-litre linear gradient (----), 0.24M-NaCl in 0.1M-chloride-Tris buffer, pH7.5, to 0.5M-NaCl in 15mM-chloride-Tris buffer, pH7.5; 10ml fractions were collected. Those containing Factor X were pooled (LJt).
The specific coagulant activity (-) and specific esterase activity (o) of the individual fractions are also shown in the figure. -, E280. (1), except that lOmM-EDTA was introduced by electrophoresis into the gel; the protein and tank buffer contained lOmM-EDTA. material from the two peaks, nor did they find any change in the coagulant or esterolytic specific activities across the peaks. However, separate rechromatography of fractions from the leading and trailing peaks on DEAE-Sephadex produced single peaks, eluted at the same ionic strengths as in the original chromatography, suggesting that there is no equilibrium between the material in these two peaks.
The only difference that we found between the two peaks was that although there was no significant change in the esterolytic activity of the Factor Xa (formed by activation with Russell's-viper venom) across the peaks, the coagulant specific activity was half as great again for the material in the trailing peak as for that of the material in the leading peak (Fig. 3) . It should be emphasized that whereas the esterolytic assay measures the amount of Factor Xa produced by total conversion ofFactor X, the clotting assay measures the rate of formation of Factor Xa on the addition of Russell's-viper venom to Factor X. In this connexion, it is noteworthy that Fujikawa et al. (1971) found a striking difference in the rates at which the two forms ofFactor Xcould be activated by the components of the intrinsic clotting system.
The difference between the methods of preparation described here and those of Hanahan and his colleagues (Cox & Hanahan, 1970 ) is that they purify the prothrombin and Factor X by separate processes that take longer to complete than our present method in which the two proteins are purified simultaneously in 2 days; the rapid recovery of Factor X may account for the stability of the preparation. Further, it was unnecessary to add di-isopropyl phosphorofluoridate to prevent the degradation of prothrombin during purification, although we do find that during storage at pH7.5 at 4°C prothrombin is extensively degraded in 4 weeks. It would appear from the work of Cox & Hanahan (1970) and ourselves that the degradation of prothrombin during storage is enzymic and possibly due to a serine protease. This raises the question as to the identity of the enzyme. One possible explanation is that traces of Factor Xa present in the prothrombin preparation convert a small amount of prothrombin into thrombin. This thrombin must then degrade the prothrombin to inactive material, because we have been unable to detect any thrombin activity in samples in various stages of degradation. From this it would seem that prothrombin degradation is not autocatalytic.
The yield of prothrombin by the method described here is not high, but we, like Cox & Hanahan (1970) , found that a good preparation of Factor X could be obtained only at the expense of the yield of prothrombin. However, since there is much more prothrombin (approx. 17mg/lOOml) than Factor X (approx. 0.9mg/lOOml) in plasma, this poor yield is quite acceptable.
The recovery of Factor X from bovine plasma is 1973
of Factor X on DEAE-Sephadex. Jackson & Hanahan (I968) could not demonstrate any difference by polyacrylamide-gel electrophoresis between about twice that obtained by the method of Jackson et al. (1968) , but there is some difficulty in comparing the purifications of the different preparations. Part of the discrepancy is accounted for by the fact that estimated the specific extinction coefficient of Factor X, EI34 at 280nm, to be 12.4.
However, we have measured the specific extinction coefficient and obtained a value of 9.56; substituting this value decreases the purification given to 12500. The difference between this value and our estimate of 8000 could either be due to the difference in assay procedure or to the presence of a forn of Factor X with a lower specific activity. The possibility that the lower specific activity is due to contaminating protein is unlikely, since electrophoresis of activation Inixtures of Factor X on polyacrylamide gels show the complete conversion of the protein into the electrophoretically more mobile Factor Xa.
Physical properties ofprothrombin
The specific extinction coefficient at 280nm measured on six samples of prothrombin was 13.8+0.06 (S.D.), which is in reasonable agreement with the value of 14.4 determined from dry weight measured by Cox & Hanahan (1970) , but does not agree with the value of 16.5 calculated by Ingwall & Scheraga (1969) from the amino acid analysis; this discrepancy can be accounted for by supposing that some of the aromatic residues are in a non-polar environment.
The value for the partial specific volume, v, and the specific refractive increment, dn/dc, were measured on three samples and mean values obtained were 0.726 and 0.661 ml/g, respectively. These are consistent with the presence of carbohydrate in prothrombin, which Magnusson (1965) gives as 11.6%.
The weight-average molecular weight (Mv) of prothrombin was dependent on concentration, and a plot of 1/Mv versus c gave a straight line that extrapolated to zero concentration to give a value of 70300 for the molecular weight. Similar results have been obtained by Ingwall & Scheraga (1969) and by Cox & Hanahan (1970) . The latter authors observed an upward curve in the plot of 1 /MW against c at concentrations below 1 mg/ml. We, however, using the scanner at 230nm, did not find any deviation at a prothrombin concentration of 0.04mg/ml. Like other workers (Tishkoff et al., 1968; Ingwall & Scheraga, 1969) , we have been unable to obtain a subunit of molecular weight less than 70000, by reduction with 0.1 M-mercaptoethanol.
Physical properties of Factor X
The specific extinction coefficient of Factor X was measured on six samples; the mean value was Vol. 131 9.56+0.14 (S.D.). This value is considerably lower than that calculated by .
The partial specific volume and the refractive-index increment were 0.714 and 0.176ml/g respectively (determined on four samples), which suggests that Factor X has a higher carbohydrate content than prothrombin. Sedimentation-velocity experiments carried out on Factor X dissolved in 15 mM-chlorideTris buffer, pH7.5, at 59780rev./min, gave an s20 o 4.6-5.0S; this value could not be determined with any great accuracy owing to a rapidly spreading boundary. In 2.5 mM-EDTA, Factor X sedimented as a compact boundary as a single component of 3.5 S. If, instead of EDTA, 1 M-CaCl2 was added to give a concentration of 10mM, Factor X sedimented as two components: a minor component of4.1 S and a major component of 11 S. On raising the concentration of Ca2+ to 0.1 M there was an increase in the 4.1 S component at the expense of the faster-sedimenting component. If, however, the Ca2+ concentration was raised to 10mm by dialysis, only one component of 4.1 S was seen. These results suggest that the calciumfree form of Factor X is either more asymmetric or less aggregated than Factor X in the presence of EDTA. obtained an s2o., of 3.56 S for their preparation ofFactor X, which would suggest that the preparation was metal-free, presumably the result of using citrate buffer for the fractionation of the protein.
Our experiments suggest that Ca2+ ions cause Factor X to aggregate and that there is a slow equilibrium between the different forms. The results of sedimentation-equilibrium experiments show that Factor X also aggregates in the presence of EDTA (5mM) and again these aggregates equilibrate so slowly that preparations behave as a polydisperse mixture.
The plots of ln J versus r2 for equilibrium experiments carried out at 3397rev./min and at 8225rev./ min are given in Fig. 5 . Increasing the speed at which the experiment was carried out decreases the curvature of the plot, owing to the sedimentation of the heavier components. used a rotor speed of 23150rev./min, which would sediment all the aggregated Factor X to the bottom of the cell, and thus their preparation would appear monodisperse. To calculate the molecular weight of the Factor X from the curved plots of In J versus r2, the curves were analysed by a method similar to that described by Lanczos (1956) (1) and comparing this with measurements made with the schlieren optical system, which give directly a measure of dJ/dr and can be used to derive the Z-average molecular weight (Lamm, 1929) . This average is more sensitive to heterogeneity.
The results of the sedimentation-equilibrium experiments analysed by this procedure indicate that 85 % of the protein had a molecular weight of 56000 with a possible error of ±2500. This value agrees closely with that of 55000 obtained by from high-speed equilibrium runs. The best fit to the experimental curves was obtained by suggesting that the remaining 15 % of the protein was in the form of aggregates with molecular weights in the range 3 x 105-4 x 106. Our results also indicate that the high-molecular-weight material was not in rapid chemical equilibrium with the light material, and that the aggregates could not be dissociated by EDTA alone.
The presence of these heavy aggregates would account for the high molecular weight of 86000 for Factor X, given by , because in their experiments the molecular weight was determined by the approach-to-equilibrium method (Archibald, 1947) . Calculation of the Mw of the total cell contents in the equilibrium run at 8225rev./min for a number of different preparations gives values of 80000-100000. Sedimentation-equilibrium studies of Factor X in 0.1M-mercaptoethanol and 6M-guanidine hydrochloride shows a fall in the Mw of the protein to 29000. Tishkoff et al. (1968) noted a low molecular weight of 38000 for their preparation of Factor X in the same solvent. This decrease in molecular weight suggests that Factor X dissociates into smaller subunits, a view which is confirmed by Fujikawa et al. (1971) , who have isolated a heavy and light chain of Factor X. In preliminary experiments, P. Mattock & M. P. Esnouf (unpublished work) have obtained values of approx. 34000 and 17000 for the molecular weight of the alkylated chains. Assuming that these two components are present in an equimolar mixture then the M, of the mixture would be 27500, which is close to the value obtained in the centrifuge.
